Open-cell porous aluminum with a controlled pore structure can be fabricated by sintering and dissolution process. To overcome the size limitation of porous aluminum fabricated by the sintering and dissolution process, an enhanced friction powder compaction (FPC) process for fabricating porous aluminum was proposed. In this process, the rotating tool plunged into the powder mixture and die during the FPC process is made to traverse perpendicular to the direction of plunging. It was found that long porous aluminum can be fabricated with a length equal to the tool traversing length. By scanning electron microscopy (SEM) observation of the pore structures, it was found that although the region in the vicinity of the traversing rotating tool had an elongated pore structure, almost the entire sample had a pore structure that was similar to the NaCl morphology, regardless of the traversing direction. From compression test, fabricated porous aluminum exhibited ductile fracture, which is considered to be attributed to the good bonding between aluminum particles.
Introduction
Porous aluminum has superior energy absorption and sound insulation properties with a light weight. 13) Zhao and Sun have developed a novel sintering and dissolution process for fabricating open-cell porous aluminum with a controlled pore structure based on powder metallurgy. 4) In this process, a mixture of aluminum powder and sodium chloride (NaCl) powder is first sintered. Thereafter, the sintered mixture is placed in water to dissolve the NaCl, resulting in the formation of pores in the aluminum matrix. 410) Recently, the authors have developed a new friction powder compaction (FPC) process, which requires no external heat source, for fabricating porous metals based on sintering and dissolution process. 1113) In this process, the powder mixture is sintered by applying only friction heat and a pressing load, which is generated by a rotating tool plunged into a die filled with the mixture.
However, there is a size limitation of the porous aluminum fabricated by the sintering and dissolution process. In the FPC process, the specifications of the machine, such as the load, torque and size of the tool available, restrict the size of the fabricated porous aluminum. In other processes by sintering and dissolution process, such as using spark plasma sintering, 810) the size of the fabricated porous aluminum depends on the size of the furnace.
In this study, an enhanced FPC process to increase the size of fabricated porous aluminum was proposed. The rotating tool plunging into the powder mixture and die during the FPC process was made to traverse perpendicular to the direction of plunging, similarly to in friction stir welding and friction stir processing. 14, 15) To the authors' knowledge, although there have been a large number of reports describing the mixing of powder into bulk metals, 1621) there have been no reports describing the direct compaction and sintering of a powder by friction stir welding and friction stir processing.
The aim of this study is to investigate the validity of the enhanced FPC process for the fabrication of porous aluminum. In this process, a concern is that the pore structure is deformed during the FPC process owing to the intense stirring action of the traversing rotating tool, similarly to in friction stir welding and friction stir processing. The pore structure of the fabricated porous aluminum was observed by scanning electron microscopy (SEM) to confirm that its shape is similar to that of NaCl particles. In addition, the compression properties of the obtained porous aluminum were investigated.
Experimental Procedure
Aluminum powder and NaCl powder were thoroughly mixed at a specific weight ratio to obtain porous aluminum with a porosity of 70%. As shown in Fig. 1 , the mixture was placed in a groove with 10 mm width, 60 mm length and 7 mm depth with rounded corners of 5 mm radius in the middle of a die made of an oxygen-free copper plate with 10 mm thickness. Then another oxygen-free copper plate with 3 mm thickness was stacked as the cover plate of the groove to prevent the mixture from being ejected from the groove and to increase the amount of friction heat generated during the traversing of the rotating tool. The oxygen-free copper plate was used to achieve a high sintering temperature and load, as discussed in a previous study. 12) Next, a rotating tool made of tungsten carbide, which had a cylindrical shape with a short probe, was plunged into the die by aligning the center axis of the rotating tool with the center width of the groove filled with the mixture. A tungsten-based alloy is conventionally used for the tool in the friction stir welding of copper. 14, 22) The diameter of the tool shoulder was 15 mm, and the diameter of the tool probe was 5 mm and its length was 0.5 mm. After the rotating tool had been fully lowered into the die, it was held at the same position for 3 s before it was made to traverse. The rotation speed and traversing speed were 1000 rpm and 50 mm/min, respectively, through-out the experiments. The rotating tool was made to traverse a length of 50 mm on top of the groove with the mixture, then it was held at the final position for 3 s before being removed from the die. An overlapping multipass technique 2326) was applied to thoroughly sinter the mixture, and the rotating tool was made to traverse the same region four times. The depth of tool indentation was set to 1 mm below the height where the probe touched the die in the first pass of the tool, then the tool indentation was increased by 1 mm for each subsequent pass. A thermocouple was placed at the bottom of the die, 6 mm to the side of the center of the groove and at the center in the traversing direction, to measure the temperature during the FPC process. Finally, the sintered mixture was machined to obtain a sample. The upper part, in the vicinity of the rotating tool as it was made to traverse, was machined to approximately 2 mm below the surface of the final pass to remove the oxygen-free copper cover plate, and a sample with approximately 4 mm thickness was obtained. Then, the sample was placed in a water bath at room temperature for 27 h to remove the NaCl. The pore structures of the fabricated porous aluminum were observed by SEM at the front surface (i.e., in the vicinity of the rotating tool), back surface (i.e., the bottom part during the traversing of the tool) and side of the sample. After SEM observations, compression test specimen with dimensions of 10 mm ©10 mm © 4 mm was obtained from the specimen approximately center in the traversing direction. Compression test was carried out at room temperature in ambient air using an Autograph AG-100kNG universal testing machine (Shimadzu Corporation) at a strain rate of 3.3 © 10 ¹3 s ¹1 . Figure 2 shows the relationships between the tool traversing time t and temperature T during the FPC process from the first pass to the fourth pass. t is the time from when the tool started to traverse. The tool was made to traverse immediately on top of the thermocouple at t = 30 s. In the first pass, the temperature gradually increased as the tool approached the thermocouple and reached a maximum temperature of approximately 450 K when the tool was immediately on top of the thermocouple. Then, the temperature decreased slightly but remained high. In the second pass, the temperature behaved similarly to that in the first pass but was higher. This is due to the increased indentation depth; it was observed in a previous study that the temperature increased with increasing indentation depth when a rotating tool was plunged vertically into a die. 12) Note that the temperature was already high at t = 0 s. This is due to the generation of friction heat during the plunging of the tool into the die then holding the tool for 3 s at the starting point before it was made to traverse. This generated heat, transferred via the high-heat-conductivity oxygen-free copper plates, caused the increase in temperature from an early stage. In the third pass, the indentation depth further increased, therefore the temperature was higher than that in the second pass, reaching a maximum temperature of approximately 560 K. In the fourth pass, although the indentation depth was greatest, the temperature was lower than that in the third pass. This is because the further indentation of the rotating tool caused the delamination of the oxygen-free copper cover plate from the surface of the mixture, which generated the friction heat between the shoulder of the tool. In particular, the traversing of the rotating tool caused the ejection of part of the cover plate owing to the intense stirring action, therefore, the temperature fluctuated in an unstable manner. The maximum temperature was observed in the third pass. In a previous study, the maximum temperature was approximately 670 K, which was measured directly at the bottom center of the powder. 12) Considering that the temperature in this study was observed 1 mm to the side of the groove filled with the powders; it is assumed that the powder temperature in this study was sufficient to ensure the bonding of aluminum particles upon the traversing of the tool. Figure 3 shows the fabricated porous aluminum sample after the dissolution of NaCl. The left side of the figure corresponds to the position where the rotating tool was first plunged into the die. The rotating tool traversed from the left side to the right side. During the NaCl removal process, the sample retained its shape and no collapse was observed. Namely, it is considered that strong bonding between the aluminum particles was achieved. Therefore, it was found that long porous aluminum can be fabricated by traversing the tool. Almost the entire sample had a good surface except to the left of the starting position. At the starting position, the oxygen-free copper cover plate remained on the surface of the sample. This is because the entire cover plate with a thickness of 3 mm was plunged into the powder mixture at this position. In contrast, during the traversing of the rotating tool, although part of the cover plate was plunged into the powder mixture, the remainder of the cover plate was ejected as flash. Almost all the cover plate that was plunged into the powder mixture was machined and removed before the removal of NaCl. However, the cover plate at the starting position of the sample was too thick to remove all of it to obtain a sample thickness of 4 mm. Figure 4 shows SEM images of the pore structures of the fabricated porous aluminum taken at the front and back surfaces of the sample corresponding to positions A through C in Fig. 3 . The front surface of the sample corresponds to the vicinity of the rotating tool, and the back surface is the bottom part during the traversing of the tool. The front surface of the sample had an elongated pore structure, which indicated that it was subjected to intense plastic deformation during the traversing of the rotating tool. In contrast, the back surface had a pore structure similar to the NaCl morphology. This tendency was almost the same regardless of the position.
Experimental Results and Discussion
To investigate the thickness of the elongated pore layer, Fig. 5 shows an SEM image of the side of the sample corresponding to position D in Fig. 3 . It was found that the elongated pores were seldom observed at the surface of the sample. Therefore, it was confirmed that the obtained porous aluminum had a pore structure similar to the NaCl morphology for almost the entire specimen, except in the 
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Upper surface Lower surface Fabrication of Large-Scale Porous Aluminum by Enhanced Friction Powder Compaction Process through Traversing Toolvicinity of the rotating tool during its traverse, which is consistent with a previous study, 12) regardless of the traversing direction. Figure 6 shows stressstrain curves of the obtained porous aluminum. Three specific regions, namely, the elastic region at the initial stage, the plateau region with a nearly constant stress up to a large strain and the densification region where the stress increased markedly, can be clearly observed, which is almost similar to those of other typical porous aluminum as reported in literature. 1, 27) The obtained porous aluminum specimen exhibited ductile fracture, and no brittle fracture, which would have resulted in a decrease in plateau stress during the compression tests due to the poor bonding of aluminum particles, 9) was observed; namely, it is considered that the good bonding of aluminum particles was achieved.
It is expected that larger porous aluminum without a size limitation can be easily obtained by the enhanced FPC process. By increasing the distance that the tool traverses, longer porous aluminum can be expected. By conducting a multipass technique, 28, 29) in which the rotating tool is shifted perpendicular to the traversing direction after each pass, wider porous aluminum can be also expected.
Conclusion
In this study, an enhanced FPC process was proposed for fabricating large porous aluminum. In this process, the rotating tool plunged into the powder mixture during the FPC process was made to traverse perpendicular to the direction of plunging. It was found that long porous aluminum can be fabricated with a length equal to the tool traversing length. By SEM observation of the pore structures, it was found that although the region in the vicinity of the traversing rotating tool had an elongated pore structure, almost the entire sample had a pore structure that was similar to the NaCl morphology, regardless of the traversing direction. From compression test, fabricated porous aluminum exhibited ductile fracture, which is considered to be attributed to the good bonding between aluminum particles. Compressive strain, ε (%) Fig. 6 Stressstrain curve for fabricated porous aluminum.
